Neurobeachin (Nbea) is implicated in vesicle trafficking in the regulatory secretory pathway, but details on its molecular function are currently unknown. We have used Drosophila melanogaster mutants for rugose (rg), the Drosophila homolog of Nbea, to further elucidate the function of this multidomain protein. Rg is expressed in a granular pattern reminiscent of the Golgi network in neuronal cell bodies and colocalizes with transgenic Nbea, suggesting a function in secretory regulation. In contrast to Nbea Ϫ/Ϫ mice, rg null mutants are viable and fertile and exhibit aberrant associative odor learning, changes in gross brain morphology, and synaptic architecture as determined at the larval neuromuscular junction. At the same time, basal synaptic transmission is essentially unaffected, suggesting that structural and functional aspects are separable. Rg phenotypes can be rescued by a Drosophila rg؉ transgene, whereas a mouse Nbea transgene rescues aversive odor learning and synaptic architecture; it fails to rescue brain morphology and appetitive odor learning. This dissociation between the functional redundancy of either the mouse or the fly transgene suggests that their complex composition of numerous functional and highly conserved domains support independent functions. We propose that the detailed compendium of phenotypes exhibited by the Drosophila rg null mutant provided here will serve as a test bed for dissecting the different functional domains of BEACH (for beige and human Chediak-Higashi syndrome) proteins, such as Rugose, mouse Nbea, or Nbea orthologs in other species, such as human.
Introduction
BEACH proteins are evolutionarily ancient, with one family member in the yeast Saccharomyces cerevisiae and varying numbers in all eukaryotes (Wang et al., 2000) . Disruption of the yeast Bph1 (BEACH protein homolog) results in defective vacuolar protein sorting and aberrant cell wall formation without affecting vacuolar morphology (Shiflett et al., 2004) . Neurobeachin (NBEA) codes for a brain enriched member of the BEACH protein family, which is defined by the BEACH-WD40 domains named after the mouse beige and the human Chediak-Higashi syndrome (Nagle et al., 1996; Wang et al., 2000) . In the latter syndrome, the LYST (lysosomal trafficking regulator) protein is mutated and phenotypically manifests in enlarged lysosomes and lysosome-related organelles Ward et al., 2002) . Overall, it appears that mutations in BEACH proteins result in defective vesicle formation, fusion, or trafficking (De Lozanne, 2003; Kaplan et al., 2008; Albers et al., 2011; Volders et al., 2011) . However, despite their abundance among eukaryotes and successful crystallization of the BEACH domain from NBEA (Jogl et al., 2002) and LRBA (LPS-responsive vesicle trafficking, beige-like anchor protein) (Gebauer et al., 2004) , very little is known about BEACH protein function in general, and no molecular mechanisms have been discovered.
NBEA is a multidomain scaffolding protein with an AKAP (A-kinase anchor protein) domain and is localized near the transGolgi network (TGN) (Wang et al., 2000) , supporting a function in vesicle sorting or secretion as demonstrated by experiments performed in Nbea knock-out mice and in vitro (Wang et al., 2000; Su et al., 2004; Medrihan et al., 2009; Castermans et al., 2010; Niesmann et al., 2011) . Whereas NBEA is known for its neuronal function and its implication in autism spectrum disorders (Castermans et al., 2003; Volders et al., 2011) , the human homolog LRBA has a broad expression pattern, and its function is currently unknown (Wang et al., 2001) . Both NBEA and LRBA have been linked to cancer (Wang et al., 2001 (Wang et al., , 2004 O'Neal et al., 2009) . In Drosophila, these proteins have a common ortholog, namely Rugose (Rg). Rg mutants display a rough eye phenotype primarily resulting from cone cell loss, defective ommatidial organization, absence of photoreceptors, and disorganized pigment cell lattice (Shamloula et al., 2002; Shamloula, 2003; Wech and Nagel, 2005) . The typical organized structure of an ommatidium results from spatially restricted cell death depending on the balance between epidermal growth factor receptor (EGFR) and Notch signaling (Doroquez and Rebay, 2006) . Rugose has been shown to interact genetically with components of the EGFR and Delta-Notch pathway (Schreiber et al., 2002; Shamloula et al., 2002; Wech and Nagel, 2005) . In the past, human neurological disorders have been successfully modeled in Drosophila, providing valuable insights into disease mechanisms and protein functions (Bier, 2005; Bilen and Bonini, 2005) .
Here, we introduce a Drosophila rg null mutant and characterize phenotypes affecting associative odor learning, brain morphology, and synaptic architecture/function. We used this phenotype compendium to dissociate the functional homology between Drosophila Rugose and mouse Nbea and thus provide a viable model to study molecular mechanisms of Nbea/Rugose in vivo.
Materials and Methods
Drosophila stocks. The following stocks were used: rugose mutants rg ␥1 , rg ␥5 , rg ␥6 , rg P2 , rg P4 , and rg P6 (Shamloula et al., 2002) ; PBac(WH)rg f02898 and PBac(WH)f02325 (Exelixis Collection, Harvard Medical School, Boston, MA) for generation of rg FDD ; and for galactosidase-4 (Gal4) lines, OK107-Gal4 (Connolly et al., 1996) , GH298 (Stocker et al., 1997) , GH146 (Heimbeck et al., 2001 ), MB247 (Zars et al., 2000) , and N-synaptobrevin (Nsyb)-Gal4 (Pauli et al., 2008) . rg 1 , Df(1)ovo41/FM6, elav-Gal4, and tub-Gal80 ts were obtained from the Bloomington Drosophila Stock Center (Indiana University, Bloomington, IN). Stocks were rebalanced over fluorescent balancers whenever necessary.
Generation of a rugose null allele. A null allele of rugose (hereafter called rg FDD ) was generated with the flippase recognition target (FRT)-derived deletion (FDD) system (Parks et al., 2004) . The stocks used were PBac-(WH)rg f02898 and PBac(WH)f02325, respectively, located in rg and 3Ј of the gene. Because rg is located on the X chromosome and deletion of the gene might be lethal in males, both male and female progeny (157 in total) were balanced again after activation of the flippase recombinase. Of 128 surviving stocks, one line carried the rg deletion. Recombination of the FRT sites was confirmed using inverse PCR with primers 5Ј-caccccactcacatgccatc-3Ј and 5Ј-tccaagcggcgactgagatg-3Ј, 5Ј-acagaccgataaaacacatgcgtc-3Ј and 5Ј-ggcatgtcggccattccaag-3Ј. DNA was isolated with the single fly genomic DNA preparation (Dr. Barry Dickson's Laboratory, Research Institute of Molecular Pathology, Vienne, Austria) with squishing buffer containing 10 mM Tris-HCl, pH 8, 1 mM EDTA, 25 mM NaCl, and 200 g/ml proteinase K (Roche). After a 30 min incubation at 37°C, proteinase K was inactivated by heating to 95°C for 3 min. After centrifugation, the supernatant was used for PCR applications.
cDNA synthesis and mRNA quantification. RNA was isolated from whole flies using a phenol-chloroform extraction. cDNA was generated with the iScript Select cDNA Synthesis kit (qRT-PCR, random primers; Bio-Rad) or Superscript III First Strand Synthesis kit (rg cloning, oligo-dT primer, or a rg specific primer 5Јctatcgccagcgagagga-3Ј; Invitrogen) starting from 1 g of RNA according to the protocol of the manufacturer. qRT-PCRs were performed using IQ SYBR Green Supermix (Bio-Rad) on a MyIQ single color real-time PCR detection system (Bio-Rad). The primers were designed with the web-based Roche Probefinder software. Primers used for the detection of rugose were 5Ј-atcgcgcgacagtagcat-3Ј and 5Ј-aactacgataagggcaatgtgg-3Ј. Housekeeping genes used were RpL32 and ␣Tub84B, respectively, with primers 5Ј-gctaagctgtcgcacaaatgg-3Ј, 5Ј-cggcgacgcactctgtt-3Ј and 5Ј-caatatgcgtgaatgtatctctatcca-3Ј, 5Ј-ccagcaggcgtttccaat-3Ј.
Cloning of rugose and Nbea and generation of transgenic flies. The fulllength 10.5 kb cDNA of rugose [Rg forward; National Center for Biotechnology Information (NCBI) accession number NM_001144687, with additional in-frame insertion of 39 nucleotides "ttctaccagttgttctgtttctcgtttctcacgtggcag " after nucleotide 1635 of the coding sequence, short form described by Han et al. (1997) ] was cloned in three parts, i.e., a 5Ј-terminal part and two parts of ϳ5 kb, starting from the cDNA of Canton-S Drosophila heads using AccuPrime Taq polymerase (Invitrogen). Primers used were, respectively, 5Ј-gaagcggccgccaccatggcgga catcatgcgt-3Ј, 5Ј-ggaaccaggtggtaaaggtg-3Ј and 5Ј-cgccgtacagtgagatcaaa-3Ј, 5Ј-gaactcgagacgcgttcgctccttgca-3Ј and 5Ј-gtgacttgaacgcgttacaatgtgggc-3Ј, 5Ј-gtgtctagattagtagcgctgctggta-3Ј. Restriction sites used are underlined or bold. Start and stop codons are in italics and bold. Overlap extension PCR was used to combine the first two fragments. Mutations were removed by flipping parts between clones and with the Quickchange Site-Directed Mutagenesis kit (Stratagene) according to the protocol of the manufacturer. The 5Јand 3Јfragments of ϳ5 kb of the rugose cDNA were cloned in pUAST with NotI, XhoI and MluI, XbaI, respectively. To clone the full-length cDNA of mouse Nbea in pUAST, a new multiple cloning site was generated by annealing and ligation of oligos 5Ј-aattcgttaacagatctgcggccgcttgtatctgaccggtagtggctctgactatgtcctgatttggaggc3Ј and 5Ј-tcgagcctccaaatcaggacatagtcagagccactaccggtcagatacaagcggccgcagatctgttaacg3Ј inpUASTdigestedwithEcoRIandXhoI.The5ЈterminusofNbeawasgenerated from the construct described by Castermans et al. (2010) with primers 5Ј-ctaataaccggtatggcgagcgacaagccgggcccggggctag-3Ј and 5Ј-gggaggcaatgcaattgccgcagcactacacccagg-3Ј and cloned in pUAST with PinAI and AspI. The remaining part of Nbea was cloned with AspI and XhoI. Randomly inserted transgenic lines were generated by standard embryo injections (Duke University Model System Genomics, Durham, NC). Expression of the transgenes was referred to as the presence of rgϩ and Nbea cDNA.
Rg antibody generation, sample preparation, and Western blot analysis. For antisera production, a genomic DNA fragment overlapping the region encoding for amino acids 962-1445 from Rg forward (NCBI accession number NP_001138159) was PCR amplified using the primers: 5Ј-accaatcaaacggcagctgttaaag-3Ј and 5Ј-caaggttcggggtctttggttctac-3Ј and cloned into the TOPO TA cloning vector (Invitrogen). By using the flanking EcoRI restriction sites, the PCR product was fused to the glutathione S-transferase coding sequence. A rabbit and rat were immunized with the resulting fusion protein (Pineda ABservice). Adult, 1-to 4-d-old flies were lysed (Mammalian Cell Lysis kit; Sigma), and protein concentrations were determined with a BCA protein assay (Pierce). ␤-Mercaptoethanol (0.04%) was added, and samples were heated for 10 min at 65°C. NuPAGE Novex 3-8% Tris-Acetate gels, Novex TrisAcetate SDS running buffer, and HiMark prestained protein standard were used (all from Invitrogen). Blocking buffer [100 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.5% blocking reagent (Roche), and 0.2% Triton X-100] was used for blocking and antibody dilution. Primary antibodies used are rabbit anti-Rugose (1:2000; this study) and rabbit anti-Nbea (1:3000) (Castermans et al., 2010) ; mouse anti-actin (JLA20, 1:100; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) was used as a loading control. Secondary peroxidase-conjugated antibodies (1:2500) were from Dako. The antibodies directed against Rg or Nbea did not cross-react with Nbea or Rg, respectively, as assessed with immunohistochemistry or Western blot.
Immunohistochemistry. Tissues were dissected in ice-cold PBS and fixed in 3.6% formaldehyde. After several washes with PBS, the tissues were incubated in PAXD (5% BSA, 0.3% sodium deoxycholate, and 0.3% Triton X-100 in PBS) for 20 min. Primary antibodies were diluted in PAXD and incubated overnight at 4°C. After washing multiple times with PAXD, tissues were incubated with secondary antibodies in PAXD for 2 h at room temperature. After several washes with PAXD, tissues were mounted in Vectashield mounting medium (Vector Laboratories). Larval filets for the visualization of the neuromuscular junction (NMJ) were dissected in HL3 (in mM: 110 NaCl, 5 KCl, 10 NaHCO 3 , 5 HEPES, 30 sucrose, 5 trehalose, and 10 MgCl 2 , pH 7.2), fixed in HL3 with 3.6% formaldehyde, and washed in PBS with 0.4% Triton X-100. Subsequently, filets were blocked in 10% normal goat serum, 0.25% BSA, and 0.4% Triton X-100 in PBS. Antibody incubations and subsequent washes were in 0.25% BSA and 0.4% Triton X-100 in PBS. Stainings were ana-lyzed using a confocal microscope (Olympus Fluoview FV1000). Only tissues of male origin were dissected, with the exception of the larval filets for the bouton number. The following primary antibodies were used: mouse anti-fasciclin II (1:200; 1D4; Developmental Studies Hybridoma Bank), rabbit anti-GM130 (1:100; ab30637; Abcam), rabbit anti-HRP (1:500; Jackson ImmunoResearch), rabbit anti-Nbea (1:1000; Castermans et al., 2010), rat anti-Rugose, and rabbit anti-Rugose (1:1000; this study). Secondary Alexa Fluor 488-conjugated (1:500; larval filets; Invitrogen), FITC-conjugated, and Cy3-conjugated antibodies were diluted 1:200 (Jackson ImmunoResearch). Rhodamine phalloidin (1:2000; Invitrogen) was used to stain the muscles of larval filets.
Analysis of Gal4 expression patterns. Whole-mount immunofluorescent preparation of the brain was described in a previous study (Thum et al., 2006) . Microdissection was performed in Ringer's solution to remove cuticle and connective tissues. Brains were fixed in PBS (Sigma) containing 4% formaldehyde for 2 h on ice and subsequently rinsed with PBT (PBS, BSA, and Triton X-100) three times at room temperature. Blocking of samples was performed in 5% normal goat serum (Sigma) in PBT for 2 h; afterward, brains were incubated with the primary antibodies in blocking solution at 4°C for 2 d. The following primary antibodies were used: mouse monoclonal anti-synapsin 3C11 (1:10; Developmental Studies Hybridoma Bank) and rabbit polyclonal anti-GFP (1:1000; A6455; Invitrogen).Samples were washed three times for 10 min and once for 2 h with PBT and incubated with secondary antibodies in blocking solution at 4°C for 2 d. Goat anti-rabbit Alexa Fluor-488 (1:200; Invitrogen) and goat anti-mouse Alexa Fluor-647 (1:200; Invitrogen) were used for detection of the primary antibodies. After five 10-min rinses with PBT, brains were mounted in Vectashield (Vector Laboratories), and confocal image stacks were taken with a LeicaTCS SP5 at 1 m steps with a 20ϫ glycerol objective. The resulting image stacks were projected and analyzed with NIH ImageJ software; adjustments to contrast and brightness as well as rotations and organization of images were performed in Photoshop (Adobe Systems).
Quantification of the bouton number. Flies were cultured at 25°C. Boutons were stained with anti-HRP and muscles were visualized with rhodamine phalloidin. Confocal z-stack images were taken from the synapse of NMJ 6/7 at abdominal segment A2 with a confocal microscope (Olympus Fluoview FV1000). Boutons were manually counted on projected images, and muscle surface area was measured with the NIH ImageJ software.
Electrophysiology. Two-electrode voltage-clamp experiments were performed using sharp electrodes (10 -15 M⍀) filled with 3 M KCl and fileted larvae bathed in modified HL3 (in mM 110 NaCl, 5 KCl, 10 NaHCO 3 , 5 HEPES, 30 sucrose, 5 trehalose, 10 MgCl 2 , and 0.5 CaCl 2 , pH 7.2). For excitatory junctional current (EJC) recordings, axons innervating segments A2-A3 of dissected larvae were electrically stimulated 50% above threshold, and for miniature EJCs (mEJCs) recordings were performed in the presence of 1 M TTX. All recordings were made with an Axoclamp 900A (Molecular Devices) from muscle 6. Input resistances were Ն4 M⍀, and data were filtered using a 1 kHz Bessel filter and digitized at 10 kHz using a Digidata 1440A (Molecular Devices). Membrane resting potentials were between Ϫ65 and Ϫ75 mV and were clamped at Ϫ70 mV. EJC amplitudes were analyzed in Clampfit 10.3(Molecular Devices) and calculated by averaging the peak amplitude of 60 responses recorded at 0.2 Hz. mEJCs were analyzed using the Clampfit 10.3 (Molecular Devices) event-detection algorithm. All error bars indicate SEM.
Fly care and behavioral experiments. All flies were raised at 24°C and 60% relative humidity with a 14/10 h light/dark cycle on cornmeal-based food (Guo et al., 1996) . Genetic crosses were performed according to standard procedures, and we used male F1 progeny for behavioral experiments. Genotypes, including the Gal80 ts repressor (McGuire et al., 2003) , were raised at permissive temperature (19°C), placed at 30°C for 36 h to inactivate the Gal80 ts repressor, and tested at room temperature after a 2 h rest period. A detailed description of the site-by-site comparison between aversive and appetitive odor memory can be found in the study by Schwaerzel et al. (2003) . Specific modifications of that protocol applied to the olfactory cues used 3-octanole (1:100 dilution in mineral oil presented in a 14 mm cup) and 4-methylcyclohexanole (1:120 dilution in mineral oil presented in a 14 mm cup). Increased performance of appetitive memory is attributable to adopting an improved training apparatus (Colomb et al., 2009) .
Statistical analyses. Statistical analyses were performed with the Statistica 9.0 software package (StatSoft). For the quantification of mRNA levels, unpaired t tests were performed on ⌬C t cycle threshold values to compare statistical difference with controls. For the quantification of bouton numbers, when appropriate, an unpaired t test or Mann-Whitney U test was performed for the comparison of two groups. One-way ANOVA with post hoc Tukey's tests or Kruskal-Wallis test with the multiple comparisons of mean ranks for all groups was used if more groups were compared. For morphological data on the mushroom bodies (MBs), Fisher's exact test was used on the raw data to assess statistical significance. Electrophysiological characteristics were compared using a Student's t test. Behavioral data were analyzed using one-way ANOVA with a post hoc test, including the Bonferroni's correction for multiple comparisons. The level of statistical significance was depicted as follows: *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results
rugose is a Drosophila homolog of mammalian Neurobeachin and LRBA Drosophila rg is a large gene located on the X chromosome consisting of 30 exons distributed over 163 kb of genomic DNA. The locus codes for multiple isoforms and is organized in two translational units with their translation start sites located 134 kb apart (Fig. 1A) . Multiple hypomorphic alleles of the Drosophila rg gene have been isolated that phenotypically manifest in a rough surface of the compound eye attributable to perturbation of the reiterated pattern of individual ommatidia (Shamloula et al., 2002) . Here, we report the generation of an rg null allele by use of the FDD system (hereafter called rg FDD ; Parks et al., 2004 ) (for details, see Materials and Methods). Starting from FRT-containing P-elements located within the rg gene 5Ј of the second translational unit and 3Ј of the rugose locus (Fig. 1 A) , the complete coding sequence of the second translational unit of rg including the 3ЈUTR was deleted. qRT-PCR (Fig. 1 B) , Western blot (Fig.  1C) , and immunofluorescent staining of adult brains (Fig. 1 D, E) confirmed that rg FDD is a null allele. Immunofluorescent staining of Drosophila brains revealed widespread distribution of Rg in neuronal tissue restricted to the cortical region of cell bodies sparing synaptic connections that are mainly located within neuropil regions in the adult (Fig. 1 D) and larval stage (Fig. 1 F) . Costaining of Rg with the neuronal marker elav or the glial marker repo clearly demonstrated Rg expression in neurons but not in glia (Fig. 1G,H ) . Anti-Rg staining also displayed a granular pattern reminiscent of the Golgi network (Fig. 1 I) , a cellular structure that is dispersed throughout the cell in fruit flies (Kametaka et al., 2010) . Using the cis-Golgi marker GM130, we demonstrated that Drosophila Rg resides near or within the Golgi complex (Fig. 1 I) . Rugose protein showed the same location by expression of rgϩ cDNA in an rg FDD mutant background under control of the neuron-specific Nsyb-Gal4 driver (data not shown). Moreover, mouse Nbea is expressed more diffusely but is enriched at a site colocalized with endogenous Rugose when expressed under control of Nsyb-Gal4 (Fig. 1 J) .
The Drosophila rugose gene encodes a protein with high homology to mouse Neurobeachin and LRBA. Specifically, Rg shares high sequence conservations within the BEACH, pleckstrin homology-like, WD40 repeats, armadillo repeats, and Concanavalin A-like lectin domains, suggesting that Drosophila Rg might be an ortholog or functional homolog of mammalian NBEA and/or LRBA (Fig. 1 K) . To test for that hypothesis, we aimed to generate appropriate transgenes for expression under Figure 1 . Generation of a Drosophila rugose Ϫ/Ϫ mutation. The rg locus is located on the X chromosome, and a precise deletion could be generated by remobilization of P-elements. A, Genomic structure of the rg locus. The rg gene is depicted in gray, and the coding sequence (CDS) is shown underneath. Translational start sites of the multiple isoforms are indicated with an arrow and "ATG. " Other genes in this region are indicated in white, and CG numbers are mentioned. The P-elements, PBac(WH)f02898 and PBac(WH)f02325, used to generate the FDD allele (Figure legend continues.) control of the GAL/UAS system, but, because of the very large size and high GC content of part of the cDNA, we failed to generate a stable, full-length cDNA required to generate transgenic flies bearing the UAS-LRBA transgene. At the same time, targeting expression of UAS-rgϩ or UAS-Nbea transgenes to the Drosophila compound eye rescued the rough eye phenotype of rugose mutant when ectopically expressed under control of eye-specific glass multiple reporter (GMR)-Gal4 ( Fig. 1 L-O) . This result established functional homology between mouse Nbea and fly Rg at the level of retinal architecture.
Drosophila associative odor learning requires Rg/NBEA function In mouse, Nbea is highly expressed within the hippocampus, a brain region functionally assigned to associative learning and memory (Wang et al., 2000) . However, Nbea-deficient mice die shortly after birth because of respiratory problems; thus, the role of Nbea in associative learning is as yet untested (Su et al., 2004; Medrihan et al., 2009 ). To test whether Drosophila rugose functions in learning and memory, we used the well-established olfactory conditioning paradigm (Tully and Quinn, 1985) . Here, aversive and appetitive memories can be compared in a site-bysite manner (Schwaerzel et al., 2003) . The quality of the behavioral reinforcer used during the training procedure, i.e., either sugar reward for appetitive learning or electric shock punishment for aversive learning, influences the neuronal circuits (Krashes et al., 2007 (Krashes et al., , 2009 Pitman et al., 2011) required to establish an appropriate memory at the level of the Drosophila MBs (Schwaerzel et al., 2003; Thum et al., 2007) . When assayed for immediate aversive or appetitive memory performance, rg 1 and rg ␥5 animals show a significant reduction compared with wild-type Canton-S controls. At the same time, rg FDD mutants exhibit memory performance close to zero, thus significantly lower than w 1118 controls (Fig. 2 A, B) . Decreased performance of rugose mutants was rescued by pan-neuronal expression of rgϩ cDNA in appropriate rg mutant backgrounds (Fig. 2C,D) . Aversive memory was rescued up to wild-type levels within background of either rg 1 , rg ␥5 , or rg FDD mutants (Fig. 2C) . In contrast, appetitive memory was rescued completely within rg 1 and rg ␥5 , whereas rg FDD yielded only partial but significant rescue (Fig. 2 D) . At the same time, we did not detect significant differences between sensory acuity of rg mutants and wild-type animals, thus excluding the trivial explanation that mutants are anosmic or unable to perceive either punitive or rewarding stimuli (Fig. 2 E) . Rather, these data show that Rg function is essential for associative odor learning per se rather than differentially required for either aversive or appetitive memory.
To test whether mouse Nbea and fly Rg exhibit functional homology at the level of associative learning, we used panneuronal expression of Nbea cDNA in an rg ␥5 mutant background because this is a strong hypomorph but yields many progeny that facilitates the behavioral experiments. Memory performance after aversive conditioning was fully rescued by mouse Nbea (Fig. 2 F) . In contrast, the rescue of appetitive conditioning failed (Fig. 2G) . This result restricts a functional homology between mammalian Nbea and Drosophila Rugose to aversive but not to appetitive associative odor learning and directly suggests that different functions of those proteins might be engaged for either type of learning.
To test whether Rg is involved in the actual association process or alternatively required during development, we restricted expression of rescuing UAS-rgϩ cDNA to the adult stage by use of the temperature-sensitive Gal80 ts repressor (McGuire et al., 2003) . Acute expression of rgϩ cDNA at the adult stage 36 h before a behavioral experiment abolished rescue of aversive memory in rg ␥5 animals (Fig. 2 H) . Although this result does not exclude a function of Rg throughout the associative process, it clearly indicates its requirement during development of the CNS.
Rugose supports odor learning at the level of the MBs
Olfactory information about the surrounding environment is internally represented by neural activity within the olfactory pathway of the brain. In Drosophila, this pathway follows a stereotyped organization orthologous to the mammalian olfactory bulb (Vosshall and Stocker, 2007) . Airborne chemicals result in activation of olfactory receptor neurons, which project their axons to the antennal lobes. At this level, information is computed within the layers of local neurons (LNs) and projection neurons (PNs) and conveyed to higher olfactory centers, i.e., the lateral horn and the MBs (Fiala et al., 2002; Wang et al., 2003; Shang et al., 2007; Chou et al., 2010) .
To probe which layer(s) of this circuitry require Rugose function for support of odor learning, we used a set of Gal4 lines, each driving expression in a particular neural layer, i.e., LNs (GH298 -Gal4), PNs (GH146 -Gal4), or MBs (MB247-Gal4, OK107-Gal4) (Fig. 3 , see A for a schematic overview and B-E for expression patterns). When rgϩ cDNA was expressed in the rg ␥5 mutant background, we observed the rescue of aversive and appetitive odor learning on targeting expression to MBs but not to LNs or PNs (Fig. 3 F, G) . Thus, Rg supports odor learning at the level of MB intrinsic neurons, the Kenyon cells (KCs), regardless of the behavioral reinforcer used throughout the training proce- The expression of each sample was normalized to ␣Tub84B and relative to the mRNA expression in CS WT, which were arbitrarily set as 1. Data represent mean Ϯ SEM; n ϭ 3. C, Western blot of adult head extracts of male rg mutants, Canton-S wild-type (CS WT), and w 1118 controls probed with an anti-Rugose antibody. Rugose expression is reduced in all rg mutants but is only absent in the rg null allele generated in this study. Actin was used as a loading control. D, E, Staining of adult brains with anti-Rg antibodies showing that endogenous Rg is localized in neuronal cell bodies and not in the neuropil regions. The antibody is specific because the staining is absent in rg FDD adult brains. F, Rugose staining of w 1118 larval brain shows staining in the neuronal cell bodies, whereas the neuropil regions do not demonstrate Rg expression. G, H, Costaining of larval brain with antibodies against Rugose and the pan-neuronal marker elav (G) or the glial marker repo (H). Rugose is localized in neurons and not in glia. Scale bars: G, H, 40 m. I, Endogenous Rugose in w 1118 flies is located opposite of the cis-Golgi marker GM130 in the cell bodies of the dorsal medial cluster neurons. J, Confocal image of endogenous Rugose colocalizing with transgenic Nbea in UASNbea/ϩ;NsybGal4/ϩ flies. Insets in I and J show a magnification of the boxed region in these images. Scale bars: I, J, 10 m. K, Domain structure of NBEA, LRBA, Rugose, and LYST. The conserved regions are boxed, and domains are indicated in gray. Percentages represent the amino acid sequence identity. Concanavalin A-like lectin (CALL) domain, Armadillo (ARM) repeats, and AKAP domains were based on Burgess et al. (2009) , Han et al. (1997) , and Wang et al. (2000) , respectively. NCBI reference sequences used are NP_056493.3 (NBEA), NP_006717.1 (LRBA), NP_001138159 [Rugose isoform forward, short isoform as described by Han et al. (1997) ] and NP_000072.2 (LYST). DUF, Domain of unknown function. This schematic representation was derived and adapted from Wang et al. (2000) and Volders et al. (2011 dure. This result suggests that the learning defect observed in rg mutants is not attributable to impaired computation of appropriate behavioral reinforcement but rather linked to memory formation at the level of KCs. Given the mandatory requirement of Rg function throughout development of the CNS, we sought to test for morphology of the MB structure.
Axonal morphology of KCs and impaired odor learning are pleiotropic defects in rg mutants that are genetically separable
We visualized KCs with anti-fasciclin II staining (Fig. 4) and detected guidance defects within the fine structure of MB lobes, i.e., ␣/␤, ␣Ј/␤Ј, and ␥ lobes (Ito et al., 1997) . Among the most prominent defects, we observed misguidance of ␣-or ␤-lobe axons, overextension of ␤-lobes, or ␤-lobe fusions as primary morphological abnormalities in rugose mutants (Fig. 4C--F ) . Additionally, a lower frequency of defects occurred, including lobe morphology, i.e., abnormal lobe thickness, aberrant morphology of the tips, or missing lobes, although the latter rather exceptionally.
Overall, rugose mutants displayed defects with increasing numbers correlating with the severity of the rough eye phenotype, i.e., rg FDD Ͼ rg ␥5 Ͼ rg 1 , but limited penetrance ranging from 3 to 68% in males. Remarkably, rg 1 flies show hardly any defects with only one thin ␣ lobe on a total of 32 hemispheres analyzed, thus directly raising the question of whether morphological defects might be causal for the associative learning defect. To address this issue, we introduced either rgϩ or Nbea cDNA within either rg ␥5 or rg FDD mutant background and quantified aberrant morphology of MB axons (Fig. 4G,H ) . Although rg ␥5 phenotypes were rescued by rgϩ cDNA expressed under control of either the pan-neuronal elav-Gal4 or the MB-Gal4 line OK107-Gal4 (Fig.  4G) , rg FDD phenotypes showed only partial, albeit significant, rescue (Fig. 4 H) . In contrast, MB247-Gal4, which marks ϳ700 KCs per hemisphere (Schwaerzel et al., 2002) , failed to rescue in either combination. Rescue by Nbea failed completely (Fig.  4G,H ) .
These experiments support several conclusions. First, Rg is required for MB development and acts in a cell-autonomous manner at the level of KCs, as revealed by OK107-Gal4. The fact that MB247-Gal4 failed to rescue the morphological phenotype might be attributable to the fact that only approximately onethird of KCs is marked within this line. Moreover, expression levels of Rg might be critical as reflected by the difference between rg ␥5 and rg FDD . Second, Rg and Nbea are not functional homologs at the level of MB morphology, similar to the situation in appetitive odor learning. In perspective to aversive odor learning, it seems to be a valid conclusion that rg mutants exhibit pleiotropic and genetically separable effects, because Nbea rescue is functional in terms of aversive learning but fails in terms of morphology. Thus, each phenotype might well be caused by dif- Figure 3 . Rugose is required within KCs of the MBs to support immediate odor memory. Several Gal4 lines specific for different layers of the olfactory pathway were crossed to UAS-mCD8::GFP and double-stained by anti-GFP (green) and anti-synapsin (magenta) as a neuronal marker. Each main panel shows a frontal view of z-projections of 1 m sections revealing the expression pattern of the driver line in the brain. For the insets, on the top right side, a single section focusing on the peduncle is shown, followed by a single section of the antennal lobe underneath. A, Schematic representation of the olfactory pathway: first-order olfactory receptor neurons (ORNs) convey odor information to the antennal lobe, which is innervated by GABAergic and cholinergic local interneurons. Second-order PNs distribute the olfactory information to higher brain centers, MB calyx, and lateral horn. MB intrinsic neurons, the KCs, represent third-order olfactory neurons and are presumed to be the site of a memory trace for aversive associative odor memory. B, GH298 shows staining mainly restricted to a set of local interneurons; limited MB expression is also seen at the center of the penduncle. C, GH146 specifically labels approximately two-thirds of the PNs. D, E, mb247 and OK107 Gal4 drives GFP expression particularly in a comprehensive set of the intrinsic MB KCs. F, G, Successful rescue of aversive and appetitive odor memory within rg ␥5 background requires expression of rgϩ cDNA at the level of MBs. At the same time, expression at the level of local interneurons (GH298 -Gal4) or PNs (GH146 -Gal4) was not successful (aversive: p Ͻ 0.01, F ϭ 24.059, df ϭ 34, ANOVA; appetitive: p Ͻ 0.01, F ϭ 28.029, df ϭ 44, ANOVA). All data represent mean Ϯ SEM; n ϭ 8 -10. ferent functional aspects of Rg, a hypothesis supported by the size of Rg protein and the multiple functional units present in this large scaffolding protein.
Rg mutants display aberrant morphology of the NMJ
Although the allelic series of rg 1 Ͻ rg ␥5 Ͻ rg FDD exhibits gross morphological phenotypes with increasing severity at the level of MB axons, subtle changes at the level of synaptic architecture are neglected by this type of analysis. To address this issue, we quantified synaptic bouton numbers at the NMJ of third-instar larvae, a standard preparation used for investigating structural and functional aspects of synaptic function (Desai-Shah and Cooper, 2009) . After anti-HRP staining, both, rg FDD and rg 1 hemizygous male larvae showed increased bouton numbers per muscle area compared with w 1118 and wild-type Canton-S controls (Fig. 5A) . Similarly, homozygous rg FDD and trans-heterozygotes for rg FDD and Df(1)ovo41, a deficiency uncovering the rg locus, showed increased bouton numbers (Fig. 5B) . This phenotype was restored to wild-type levels on ectopic expression of rgϩ cDNA under control of Nsyb-Gal4 in an rg FDD mutant background. Genetic controls or overexpression of rgϩ cDNA in a wild-type genetic background did not affect bouton numbers (Fig. 5C) . Similarly, expression of Nbea cDNA rescued bouton numbers of rg FDD mutants to wild-type levels (Fig. 5D ), thus establishing Rg and Nbea as functional homologs at the level of synaptic bouton number.
Rg mutants show no defects in basal synaptic function
To test whether Drosophila rugose is involved in the regulation of synaptic transmission, we recorded EJCs elicited at 0.2 Hz and mEJCs at the larval NMJ (Fig. 6) . EJC amplitudes in rg FDD were very similar to those measured during w 1118 controls at 0.5 mM external Ca 2ϩ (Fig. 6 A; 49.63 Ϯ 5.9 nA for rg FDD and 48.51 Ϯ 6.39 nA for w 1118 ). At the same time, spontaneous vesicle fusions (mEJCs) measured in 0.5 mM external Ca 2ϩ and TTX were slightly but significantly decreased (Fig. 6 B; 1.03 Ϯ 0.07 nA for rg FDD and 1.35 Ϯ 0.08 nA for w 1118 ; p ϭ 0.0179, t ϭ 2.605, df ϭ 18, Student's t test). However, calculation of the quantal content indicated that neuronal communication at NMJs of rg FDD mutants is primarily intact (48 Ϯ 6 quanta for rg FDD and 40 Ϯ 6 quanta for w 1118 ; p ϭ 0.305, t ϭ 0.947, df ϭ 15, Student's t test). Next we tested whether rg mutants affect paired-pulse facilitation, a measure for defective calcium handling at synapses. However, as shown in Figure 6 , E and F, paired-pulse facilitation at different interpulse intervals was not different between rg mutants and controls. Together, these data indicate that basal synaptic transmission at third-instar larval NMJs in Drosophila rg mutants is not significantly affected.
Discussion
Here, we established functional homologies between Drosophila Rugose and mammalian NBEA that will help clarify the role of BEACH proteins in the development and function of the CNS in vivo. Drosophila Rg is neuronally expressed in the larval and adult CNS and localizes to the TGN and endomembranes near the TGN, as does NBEA in mammals (Wang et al., 2000) . In contrast to Nbea knock-out mice that die shortly after birth (Su et al., 2004; Medrihan et al., 2009) , loss of Rg function results in viable and fertile adults that display an increased number of synaptic boutons at the level of the larval NMJ without affecting basal synaptic transmission. At the level of CNS development, Drosophila rg mutants display gross morphological defects of the Drosophila MB, the fly "learning center," and at the same time rg mutants are impaired in associative odor learning. However, genetic rescue experiments using either UAS-rgϩ or UAS-NBEA-the mouse homolog of Drosophila rugose-indicate that functional and morphological aspects of Rg function are separable. Overall, this detailed compendium of phenotypes provides an experimental test bed to investigate systemic, developmental, ␥5 and rg FDD combined with the Gal4 driver were used as mutant controls (indicated in gray) to correct for effects of the Gal4 driver and genetic background. The rescues with the rugose transgene generally rescued the phenotypes completely or partially with, respectively, elav-Gal4 or the MB driver OK107-Gal4. Reintroducing rgϩ cDNA with MB247-Gal4 had no effect. Nbea cDNA expression failed to rescue the phenotypes. Numbers represent the percentages of aberrant hemispheres. Fusion defects were counted as defects of two hemispheres. n is the number of brain hemispheres analyzed. Statistical significance between rg ␥5 or rg FDD combined with a Gal4 driver and the respective rescues with transgenic rgϩ or Nbea cDNA were assessed with the Fisher's exact test. For rugose mutants, statistical significance with w 1118 brains was also assessed with the Fisher's exact test.
and molecular aspects of NBEA function in a relatively simple but genetically well-developed model organism.
Morphological, structural, and functional aspects are separated in NBEA proteins Rugose mutants display impaired odor learning, a defect that is attributable to Rg function within KCs of the MBs, the fly learning center (Davis, 2011) . However, rg ␥5 and rg FDD mutants exhibit aberrant MB morphology, and Rg function is required during development of the CNS, complicating the straightforward interpretation that Rg is functionally linked to memory. At the same time, it appears equally unlikely that solely the anatomical defects within the MB structure are causal of the learning defect.
We speculate that morphological and functional aspects of Rg are separable at the protein level, particularly given the overall size of the protein and the complex composition of numerous functional and highly conserved domains that might support independent functions. There are numerous arguments in favor of that hypothesis. First, all rg 1 mutants-except for one brain with a minor defect-display normal gross morphology of MBs but impaired odor learning. Second, all learning defects are restored with a pan-neuronal Gal4 driver or a Gal4 driver expressing rgϩ in the MBs. At the same time, global neuronal expression of rgϩ cDNA or MB-specific expression with OK107 can only partially rescue the morphological phenotypes of rg ␥5 and rg FDD flies. This is even more pronounced with the mouse Nbea transgene that restores the aversive, but not the appetitive, associative learning defects without affecting the morphological phenotype of rg mutants at all. In this respect, the temporally controlled expression of rgϩ cDNA at the level of MBs clearly demonstrated a developmental contribution of Rg, without neglecting an additional con- Figure 5 . The bouton number is increased in rg mutants and can be rescued by neuronal expression of Rg or Nbea. Because the motor terminal size is correlated with the muscle fiber size (Schuster et al., 1996) , the bouton number was quantified at the synapse of muscle 6/7 of abdominal segment A2 and corrected for the muscle area. A, rg FDD (n ϭ 12) and rg 1 (n ϭ 15) male larvae have a higher bouton number per muscle area compared with w 1118 (n ϭ 17) and Canton-S wild type (CS WT; n ϭ 24), respectively. B, rg FDD (n ϭ 22) female larvae and trans-heterozygote females for rg FDD and Df (1) tribution during the process of associative learning in the adult. Temporal control of rg-specific RNAi seems appropriate to resolve that dilemma, but we failed to phenocopy the rough eye phenotype characteristic of rg mutants by the multiple RNAi lines we tested. The fact that Drosophila Rugose and mouse Nbea are functionally redundant in case of aversive but not appetitive odor learning is well in line with separable functions at the protein level. Similar dissociations have been reported previously for the Drosophila dunce mutant that affects immediate aversive, but not appetitive, memory (Tempel et al., 1983) . In general, it is commonly accepted that aversive and appetitive odor learning depend on different neuronal circuits but share a requirement for MB KCs (Thum et al., 2007) . The dissociation between the functional redundancies of either mouse Nbea or fly rgϩ transgenes is well in line with the hypothesis that different functional domains are required to support either type of odor learning. Use of alternative putative homologs, e.g., human LRBA (Fig. 1 K) , or targeted mutagenesis of particular protein domains might aid in defining appropriate functions within future experiments.
A function for rugose in the modulation of presynaptic transmitter release could be consistent with its requirement for associative learning, because it has been shown that neurotransmission from KCs is critical for this type of associative paradigm (Schwaerzel et al., 2003) . However, basal neurotransmission is essentially unaffected in rg FDD mutants with only a slight decrease in spontaneous vesicle fusions (mEJCs). Whether similar defects occur at the level of appropriate CNS neurons remains unknown.
Functional specifications in Rg, Nbea, and LRBA? Nbea mainly localizes to endomembranes near the TGN, consistent with a possible function for Nbea upstream in a secretory pathway (Wang et al., 2000) . A function for Nbea in trafficking is further suggested by the accumulation of actin and synaptopodin, a spine-associated protein with actin-bundling activity, near the Golgi of Nbea Ϫ/Ϫ neurons (Niesmann et al., 2011) . In Drosophila, spine-like structures are abundant at lobular plate tangential cells of the visual system, thus directly providing a putative fly model for this aspect of Nbea/rg function. The observation that Rugose colocalizes with Nbea at a position opposite to the cis-Golgi marker GM130 provides evidence for a function in either sorting or maturation of secretory vesicles or granules more upstream. However, whether similar processes are affected in rugose mutants remains to be formally proven.
LRBA, the human homolog of NBEA, is expressed in many cell types that have an increased proliferative and survival capacity, and its expression is increased in multiple cancers (Wang et al., 2001 (Wang et al., , 2004 . A dominant-negative form of LRBA (lacking BEACH-WD40 domains) reduces the phosphorylation of EGFR and MAPK and sensitizes cancer cells to apoptosis (Wang et al., 2004) . This interaction with growth factor receptor signaling, more specifically EGFR, MAPK, and Notch signaling, has been shown previously for Rugose in eye development (Schreiber et al., 2002; Shamloula et al., 2002; Wech and Nagel, 2005) . In Caenorhabditis elegans, loss of the Rugose ortholog sel-2 also results in aberrant patterning of vulvar precursor cells in a Notchdependent manner (de Souza et al., 2007) . At the same time, trafficking of synaptic receptors for glycine, the major inhibitory neurotransmitter in mammals, has been reported to require Nbea (del Pino et al., 2011) , in line with a role of Nbea in the retrieval and post-Golgi trafficking of synaptic receptors. Mab21 genes, which are regulators of growth factor pathways, are nested within an intron of Nbea/LRBA in most organisms (Tsang et al., 2009) . In Drosophila, however, Mab21 resides outside the rugose locus, so has no implication for the observed phenotypes.
Together, this study shows that Rugose is the functional homolog of Nbea in eye development, aversive odor learning, and NMJ morphology. The sophisticated genetic repertoire of Drosophila seems ideally suited to improving our understanding of the structure-function relationships in the neuronal roles of Neurobeach proteins, particularly given the overall size of those proteins and the complex composition of numerous functional and highly conserved domains that might support independent functions. Rg, NBEA, or LRBA-the later one remains to be established-would be predisposed to site-directed mutagenesis to test for the functional impact on the multiple phenotypes of rg null mutants. It will also help in understanding what the functional consequences are of the observed changes in synaptic structure and what its relation is with the learning and memory deficits observed in rugose mutants.
